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Abstract
We compare the predictions of two distinct dipole models for inclusive and
exclusive diffractive processes. While only one of these dipole models contains
perturbative saturation dynamics, we show that the predictions of both models
are fully consistent with the available HERA data, indicating no compelling
evidence for saturation at present HERA energies.
1 Introduction
The color dipole model [1] provides a unified framework for low Bjorken-x Deep
Inelastic Scattering (DIS),
γ∗ + p→ X , (1)
diffractive DIS (DDIS),
γ∗ + p→ p +X , (2)
and diffractive exclusive processes, including Deeply Virtual Compton Scattering
(DVCS),
γ∗ + p→ γ + p (3)
∗Talk presented by R. Sandapen at the 26th annual Montreal-Rochester-Syracuse-Toronto
(MRST) conference held at Concordia University, Montreal, 12th-14th May 2004.
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where the final state photon is real, and vector meson production
γ∗ + p→ v + p (4)
where v is a vector meson (ρ, φ, J/Ψ, etc.). In reactions (1) and (2), X represents
an inclusive sum over hadronic states.
In this framework, the DIS cross-section, hence the total structure function F2(x,Q
2),
factorizes into the photon light-cone wavefunction Ψγ(r, z;Q
2) and a dipole cross-
section σd(r, s):
σγ∗p→X =
∫
d2rdz|Ψγ(r, z;Q
2)|2σd(r, s) . (5)
Here, r is the transverse size of the color dipole, z is the fraction of the photon’s
light-cone momentum carried by the quark and s is the photon-proton center-of-mass
energy.
For diffractive processes, the factorization occurs at the amplitude level. For instance,
in DVCS, the forward differential cross-section is given as
dσ
dt
∣∣∣∣
t=0
=
1
16pi
[∫
d2rdzΨ∗γ(r, z;Q
2)σd(r, s)Ψγ(r, z; 0)
]2
. (6)
Similarly in vector meson production, the wavefunction for the real photon is replaced
by the meson light-cone wavefunction: Ψγ(r, z; 0)→ Ψv(r, z;M2v ). For DDIS, we use
completeness over a sum of all possible final states to write:
dσ
dt
∣∣∣∣
t=0
=
1
16pi
[∫
d2rdz|Ψγ(r, z;Q
2)|2σ2d(r, s)
]2
. (7)
We assume an exponential ansatz for the t dependence,
dσ
dt
=
dσ
dt
∣∣∣∣
t=0
exp(−B|t|) (8)
where the coefficient B is called the diffractive slope and is obtained from experiment.
Small corrections for the real parts of the amplitudes, neglected in the above formulae,
are also included.
It is noteworthy that (5,6,7) hold beyond the validity of perturbation theory: the
dipole framework incorporates both hard and soft physics associated with small and
large dipole size r respectively. The universal dipole cross-section, σd contains all
the physics of diffraction: gluon ladders of QCD, pomeron exchange of Regge theory,
etc. In particular, at high enough energies, it should also contain the physics of
saturation, that is saturation in the energy variable, at fixed Q2. The important
phenomenological question of interest here, is whether such saturation effects can be
seen in the data at present HERA energies.
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2 Low x perturbative saturation
Perturbative QCD evolution in the low x regime is described by the Balitsky-Fadin-
Kuraev-Lipatov (BFKL) equation. The latter predicts a fast rise of the total cross-
section with increasing energy at fixed Q2. This rise has to be tamed in order not to
violate unitarity. Put another way, the occupation number of gluons in the proton
cannot become arbitrarily large. At high enough energy, gluon recombination should
start to compete with gluon splitting and tame the rise of cross-sections. This is
the saturation regime: a new high density and weakly coupled limit of QCD. In this
regime, an effective field theory, the color glass condensate [2] describes the quantum
evolution of soft gluons in a classical background color field. In the limit of a dilute
background, one regains the BFKL equation [2].
The recent dipole model of Iancu et al. [3] is anticipated to capture the essential
dynamics of the color glass condensate, incorporating saturation and BFKL dynamics
in appropriate limits. In the next Section, we will discuss this model, together with
another dipole model, proposed by Forshaw et al. [4], which is based on Regge theory
and does not contain low x saturation. We shall start with the latter.
3 Two dipole models
Some years ago, Forshaw, Kerley and Shaw (FKS) proposed the following ansatz for
the dipole cross-section :
σˆ(s, r) = σˆsoft(s, r) + σˆhard(s, r) , (9)
in which each term has a Regge type energy dependence on the dimensionless energy
variable r2s:
σˆsoft(s, r) = a
S
0
(
1−
1
1 + aS4 r
4
)
(r2s)λS , (10)
σˆhard(s, r) = (a
H
2 r
2 + aH6 r
6) exp(−νHr)(r
2s)λH . (11)
This form is reminescent of the idea of two pomeron exchange of Donnachie and
Landshoff [5]. The coeffecients in the polynomials in r, as well as νH and λS,H, are
free parameters fitted to F2 and real photoabsorption data. The fitted values of
λS,H are indeed consistent with the hard and soft pomeron intercepts respectively.
In addition, to allow for possible confinement effects in the photon wavefunction at
large r, the latter was multiplied by an adjustable Gaussian enhancement factor,
f(r) =
√
1 +B exp(−c2(r − R)2)
1 +B exp(−c2R2)
. (12)
This model does not contain any perturbative low x saturation. Consequently, at
high enough energies, the power-like energy growth of (especially) the hard term will
make the cross-section for small dipoles exceed that for large dipoles. As can be
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seen in Figure 1, this starts to happen only at the top of the HERA range indicating
that the structure function data are not at high enough energy to require saturation
corrections to be built in [6]. The (energy dependent) flattening of the cross-section
at large r reflects low Q2 (fixed s) saturation. This is of non-perturbative origin
and should not be confused with low x (fixed Q2, larger than Λ2
QCD
) perturbative
saturation.
The CGC dipole model describes both BFKL and saturation dynamics. Specifically,
the following functional form is adopted:
σˆ = 2piR2N0
(
rQs
2
)2[γs+ ln(2/rQs)κλ ln(1/x) ]
for rQs ≤ 2
= 2piR2{1− exp[−a ln2(brQs)]} for rQs > 2 , (13)
where the saturation scale Qs ≡ (x0/x)λ/2 GeV. Hence, the first line is the BFKL term
and the second term is the saturation term. The CGC dipole cross-section saturates
as x→ 0, including both perturbative and non-perturbative saturation. γs and κ are
fixed by the leading order BFKL equation with saturation boundary conditions [3].
The coefficients a and b are uniquely determined by ensuring continuity of the cross-
section and its first derivative at rQs = 2. The coefficient N0 is strongly correlated
to the definition of the saturation scale and the authors find that the quality of fit to
F2 data is only weakly dependent upon its value. For a fixed value of N0, there are
therefore three parameters which need to be fixed by a fit to the data, i.e. x0, λ and
R. The CGC model does not use any enhancement factor to modify the photon wave
function at large r. Nevertheless, a similar effect is achieved by the use of lighter
quark masses†.
The FKS and CGC dipole cross-sections are compared in Figure 1.
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Figure 1: Left : The two pomerons (FKS) dipole model at different energies. Right :
The CGC dipole model at different x.
†Figure 3 of Ref. [8] illustrates this statement.
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4 Selected results for diffractive processes
We now compare predictions of the two dipole models for the energy dependence
of the total cross-section for various diffractive processes. We refer the reader to
the original papers [7, 8, 9] for detailed discussions of these calculations and for the
references for the data from the H1 and ZEUS Collaborations.
4.1 Diffractive Deep Inelastic Scattering
Analogous to the structure function F2(x,Q
2), one can define a diffractive structure
function F
D(4)
2 (β = xIP/x, xIP , Q
2, t), where xIP can be thought as the momentum
fraction of the proton carried by the pomeron. Integrating over t, one obtains the
quantity refered to as F
D(3)
2 . A necessary complication arises here: for large diffrac-
tive mass MX , an additional contribution due to the qq¯g component of the photon
wavefunction becomes important. This introduces the strong coupling αs which de-
fines the normalization of the qq¯g component. We are free to adjust the value of
αs as well as that of the forward slope for inclusive diffraction, B, within the range
acceptable to experiment, in order to achieve best agreement with data for each of
the dipole models. As can be seen in Figure 2, while the stronger energy dependence
of the FKS model manifests itself in a steeper rise as xIP decreases, both models agree
rather well with the data from H1 [7].
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Figure 2: DDIS [7]. Dashed: FKS (no saturation). Solid: CGC (saturation).
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4.2 Deeply Virtual Compton Scattering
To compute the DVCS cross-section within the dipole model, we evaluate the light-
cone wavefunction of the outgoing real photon at Q2 = 0. This means that the
contribution due to longitudinally polarised photons vanishes and the process is purely
transverse. Here we provide the first predictions of the CGC model for DVCS. The
FKS predictions were given and discussed in Ref. [8]. The comparison to H1 data
and more recent ZEUS data is shown in Figure 3. Note that we use a lower value for
the B slope when comparing to ZEUS data.
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Figure 3: DVCS. Dashed: FKS (no saturation). Solid: CGC (saturation).
As can clearly be seen, beyond the HERA range, the energy dependence of the FKS
prediction becomes much steeper than that of the CGC prediction. Both models
describe the available data.
4.3 Light vector meson production
To compute the cross-section for vector meson production in the dipole approach, one
needs the vector meson light-cone wavefunction. The latter is usually modeled upon
that of the photon. The spinorial part of the meson wavefunction is assumed to be the
same as in the photon case (i.e with the γµ vertex) while the scalar part can be taken
to be the boosted solution of the Schro¨dinger equation with a harmonic oscillator
potential‡. The resulting wavefunction is refered to as a boosted Gaussian. The free
parameters of the wavefunction are fixed using the normalization and leptonic decay
width constraints [9]. Here, we show only predictions for the energy dependence of
‡Actually the original parameterization (see Ref. 10 of Ref. [9]) includes a Coulombic correction
to the harmonic oscillator potential. However, as explained in Ref. [9], the resulting light-cone
wavefunction has a spurious singularity which affects the fixing of free parameters.
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the total cross-section for ρ production, using the boosted Gaussian wavefunction,
together with a B slope dependent on Q2 and the mass of the vector meson Mv.
Predictions using other parameterizations of the meson wavefunction and for the φ§
can be found in Ref. [9]. As can be seen from Figure 4, the two dipole models agree
with each other and the available data. As expected, this agreement rapidly breaks
down as we go beyond the HERA energy range.
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Figure 4: ρ production [9]. Dashed: FKS (no saturation). Solid: CGC (saturation).
5 Conclusion
We have shown that the predictions of the two pomerons (FKS) dipole model and
the recent color glass condensate (CGC) dipole model are fully consistent with the
HERA data on inclusive and exclusive diffractive processes. We also provided new
predictions of the CGC model for the DVCS process. We conclude that the present
data show no clear signs for saturation dynamics. Future precise data from HERA
may help to discriminate between the two different theoretical approaches.
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